wide range of experimental approaches. A large amount of information has been collected by following the folding The synthesis of many of the proteins that are translocof purified proteins in a well-defined in vitro environment. ated into the endoplasmic reticulum is accompanied
Introduction
N-glycosylation is a common event in every eukaryotic cell
The biological properties of any protein depend on the precise build-up of the unidimensional information conMany of the proteins that are translocated into the endoplasmic reticulum ( ER) are co-translationally glycotained in the amino-acidic backbone into a unique threedimensional (3-D) structure. This universal process, called sylated with the addition of a preformed glycan, which is transferred en bloc from an oligosaccharylprotein folding, has been investigated with the use of a pyrophosphoryl-dolichol precursor to specific Asn resfolding is often a difficult task. Some of the reasons for these difficulties are listed below: idues present in the nascent polypeptide ( Kornfeld and Kornfeld, 1985; Faye et al., 1989) . These residues are (i) the glycans present in mature proteins are often almost invariably part of the sequence Asn-Xaa-Ser/Thr quite different from the ones initially added to the (where Xaa is any amino acid, with the exception of Pro). nascent polypeptide. In addition, the processed oliThe glycan chain that is transferred from the lipid donor gosaccharide chains can present a high level of to the nascent polypeptide is composed of 14 saccharide heterogeneity; units (Glc 3 Man 9 GlcNAc 2 , Fig. 1 ), and its composition (ii) the use of unglycosylated wild-type/mutated forms and structure is the same in yeast, plant and animal cells.
of the protein or of enzymatically/chemically deglyThis level of conservation contrasts with the wide variety cosylated proteins. In the former case, lack of glycoof structures found in the mature proteins (Lis and sylation arises from amino acid substitution(s) in Sharon, 1993) and probably reflects the basic and univerthe acceptor site(s) which may also lead to altered sal role that glycans play in protein folding.
folding patterns and structures; in the latter case The glycosylation reaction is catalysed by an abundant relatively harsh chemical treatments can also affect enzyme located in the ER membrane, the oligosaccharyl the polypeptide backbone; transferase complex (Silberstein and Gilmore, 1996) . This (iii) the diversity of the parameters measured (the patcomplex is present in nearly stoichiometric amounts with tern, extent or rate of protein unfolding/refolding, membrane-bound ribosomes, and this might be important the physico-chemical stability, solubility and bioin ensuring the efficient glycosylation of the nascent logical activity of the protein, the binding to conpolypeptide before the folding process is completed formation-specific antibodies, etc.) can make the ( Kelleher et al., 1992; Holst et al., 1996) . Indeed, while comparison of different studies uncertain, even for the co-translational nature of the glycosylation reaction the same protein. allows this modification to affect the dynamics of protein folding, the opposite is also true, rapid co-translational When different glycoproteins are compared, a wide range of conclusions are reached, ranging from the conclufolding probably being the reason why some potential glycosylation sites are not used (Allen et al., 1995;  Holst sion that glycosylation neither influences the folding process nor the final conformation of the protein, to the et al ., 1996; McGinnes and Morrison, 1997) .
conclusion that a lack of oligosaccharide side-chains affects the correct folding, assembly and biological func-
Glycans can favour protein folding in vitro and
tion (Grafl et al., 1987; Kern et al., 1993) .
stabilize protein structure
Studies with glycopeptides have suggested a role of glycosylation in the formation of secondary structures. The effect of glycan chains on the folding and stability of purified proteins has been studied for a number of In the case of two short peptides derived from influenza virus agglutinin, the presence of a glycan chain was found glycoproteins from various sources, with many different approaches and under various experimental conditions. to force the peptides into a more compact conformation, perhaps helping the sequences to acquire the b-turn Thus it is not surprising that the conclusions on the role of glycans in the folding and stabilization of glycoproteins structure which they have in the crystals of the native protein (Imperiali and Rickert, 1995) . Similarly, the are extremely diverse and sometimes conflicting.
The in vitro assessment of the role of glycans in protein glycan chain present on a peptide derived from the C-terminus of serum IgM has been shown to reduce the conformational mobility of the polypeptide backbone in the regions proximal to the glycosylation site ( Wormald and Dwek, 1991) . Indeed, IgM assembly, which is mediated by a cysteine residue located close to the C-terminus, led to the generation of anomalous polymers when the glycosylation site present in the tailpiece was destroyed (Cals et al., 1996) . These and other data (O'Connor and Imperiali, 1996) seem to support the view that N-linked glycans can generate a bias in the folding of the nascent polypeptide, favouring the generation of the native structure.
As mentioned, studies on purified proteins have shown that the effect of glycans on the refolding of denatured proteins is protein-specific. Bovine RNase A and RNase dimensional structures, but RNase B contains a single similar tertiary structure (Shaanan et al., 1991) . Although a clear interaction between the oligosaccharide and the oligosaccharide chain while RNase A is unglycosylated. When the two proteins were compared, no differences in protein can be observed in the crystal structure of EcorL, glycosylation is not required for lectin activity, and the the rate of in vitro refolding could be detected (Grafl et al., 1987) . The small size of this protein might allow unglycosylated recombinant protein can be rescued in active form from Escherichia coli inclusion bodies also its efficient folding in the absence of the carbohydrate side-chain. Conversely, when the reactivation of unglycos- (Arango et al., 1992) . In vitro studies have also shown that, once the protein ylated and glycosylated invertase from yeast was analysed, glycosylation was found to accelerate reactivation and is folded, glycosylation is often important for its stability (O'Connor and Imperiali, 1996; Ueda et al., 1996 ; Wang reduce the tendency of the protein to aggregate ( Kern et al., 1993) . Indeed, the effect of glycan chains on the et al. , 1996; Wyss and Wagner, 1996) . This effect has been ascribed to the presence of hydrogen-bonding and solubility of folding intermediates and of the folded protein is likely to be crucial in vivo, where, given the hydrophobic interactions between the oligosaccharide and the protein. These stabilizing effects of the carbohydrate high protein concentration in the ER, folding and aggregation are most likely in constant competition.
side-chains may be functional to the frequent extracellular location of many plant glycoproteins. In the field of plant glycoproteins, the situation is also extremely variable and it is apparent that the role of glycans in folding and stability depends on the characterGlycosylation is required for the in vivo folding of istics of the individual protein.
some plant glycoproteins
In the case of conglutin c, a major non-storage glycoprotein of lupin (Lupinus albus) seeds, it has been shown Although in vitro studies can provide direct information on the role of glycans in the folding process and protein that refolding after acidic denaturation is facilitated by the presence of a glycan chain. As judged by resistance stability, in vivo data are essential to define the actual requirements for glycosylation in the biosynthesis of the to trypsin digestion, the glycosylated protein renaturated at a rate which was six times faster than that of individual glycoproteins. Indeed, folding in vivo occurs concomitantly with protein synthesis and translocation its deglycosylated counterpart (Duranti et al., 1995) . Conversely, the oligosaccharide side-chain plays no role into the ER, where a set of folding factors and enzymes assists the structural maturation of the nascent polypepin protecting the native, folded protein from trypsin digestion. Moreover, the presence or absence of the glycan tide ( Vitale et al., 1993; Hammond and Helenius, 1995) . The co-translational nature of N-linked glycosylation and does not affect pH-dependent association-dissociation equilibria between the monomeric and the tetrameric the presence of such folding factors do not allow the direct extrapolation of in vitro findings to the in vivo forms of the protein, suggesting that its role is restricted to the folding/refolding processes (M Duranti, unpub- situation.
To assess the in vivo role of glycans in the folding, lished results). Although in vitro data indicate that glycans are not essential in the folding-assembly of conglutin c, assembly and stability of proteins, two major approaches have been used. Substances that interfere with glycosylit is interesting to note that treatment with the glycosylation inhibitor tunicamycin fully prevented extracellular ation or modification of the glycans can be used to induce the synthesis of unglycosylated polypeptides or of polysecretion of the protein from heat-treated lupin seeds (Duranti et al., 1994) . Under these conditions, glycosylpeptides bearing unprocessed side-chains. Alternatively, the protein can be modified by site-directed mutagenesis ation might be needed for successful folding, which is often required for transport along the secretory pathway to remove the glycosylation sites and then expressed in transgenic systems. (see below).
Deglycosylation has a more drastic effect on the in vitro To prevent glycosylation in vivo, tunicamycin has been extensively used. This antibiotic inhibits the formation of refolding of soybean lectin polypeptides, which has been shown to be fully dependent on the presence of the single the dolichyl-pyrophosphoryl-GlcNAc. As a result, the synthesis of the oligosaccharyl-pyrophosphoryl-dolichol oligosaccharide chain (Nagai and Yamaguchi, 1993) .
The presence of an oligosaccharide chain can also oligosaccharide is blocked and the cell is depleted of the glycan precursor. influence the final structure of a glycoprotein. Erythrina corallodendron lectin (EcorL) is a homodimer with an
In plant and animal cells, tunicamycin induces the synthesis of the ER chaperone BiP (Denecke et al., 1991;  oligosaccharide N-linked to each subunit. The oligosaccharide chain is attached to an Asn residue which is located Fontes et al., 1991; D'Amico et al., 1992; Vitale et al., 1993; Koizumi, 1996) . Since BiP has been found in at the interface between monomers in other homologous legume lectins. This causes EcorL dimers to assume a association with a mutant protein in plant cells (Pedrazzini et al., 1994) and its levels are up-regulated in peculiar quaternary structure, substantially different to the one that has been described for other plant lectins of the presence of abnormal polypeptides (Gillikin et al., 1997) , the induction of its synthesis in response to likely, in this species tunicamycin has a profound effect on the machinery devoted to assist the folding of the tunicamycin most likely reflects the accumulation of misfolded proteins in the plant ER. nascent polypeptides.
In the case of some glycoproteins, glycosylation has The effects of tunicamycin treatment or destruction of glycosylation sites on the fate of plant glycoproteins have been shown to be important for the formation of correct disulphide bonds (Olson et al., 1988; Feng et al., 1995) . been studied in several experimental systems ( Table 1) . One protein for which the role of glycan chains has been
Similarly, glycosylation appears to be required for the correct pairing of Cys residues in lima bean LBL. investigated in detail is the galactose-binding subunit of the ribosome-inactivating protein ricin. Ricin is syntheGlycosylated LBL polypeptides associate into dimers via interchain disulphide bonds (Galbraith and Goldstein, sized as a glycosylated precursor that is transported to the storage vacuoles of castor bean (Ricinus communis) 1972). When cotyledons are treated with tunicamycin, unglycosylated LBL monomers fail to dimerize and seeds. In this compartment, the precursor is proteolytically processed to generate two disulphide-linked migrate faster in non-reducing than in reducing SDS-PAGE . This suggests that the subunits: a catalytically active A-chain and a galactosebinding B-chain (Butterworth and Lord, 1983) . Both inhibition of glycosylation leads to the formation of an aberrant intrachain disulphide bond. The successful prochains are glycosylated, but, while the A-chain can be successfully expressed in E. coli (O'Hare et al., 1987) , the duction of active recombinant LBL in E. coli (Jordan and Goldstein, 1994) , indicates that glycans are not recombinant B-chain, although initially soluble and active, is very prone to aggregation (Hussain et al., 1989) .
essential for the correct folding of this protein in the reducing environment of the bacterial cytosol. In addition, when the unglycosylated B-chain is expressed in Xenopus oocytes, the recombinant protein is not able While tunicamycin treatment has such detrimental effects on lima bean proteins, the same drug does not to bind galactose and aggregates on storage ( Wales et al., 1991) . The crystal structure of the ricin B-chain has been block the folding, assembly and transport of the homologous proteins synthesized in the seeds of common bean determined (Rutenber and Robertus, 1991) and its examination suggests that glycan chains might be important (Phaseolus vulgaris). These seeds accumulate, in addition to phaseolin, large amounts of the lectin phytohaemaggluin preventing unproductive interactions between the two domains that constitute the protein (Zhan et al., 1997) .
tinin (PHA) and the lectin-related proteins arcelin and a-amylase inhibitor (a-AI ), all of which are vacuolar It should also be noted that, as found in the case of other proteins, none of the two glycans present in the ricin glycoproteins ( Vitale and Bollini, 1995) . The unglycosylated forms of phaseolin, PHA and a-AI are transport-B-chain is absolutely essential for correct folding. In contrast to the unglycosylated double mutant, the ricin competent and can be readily detected in the vacuoles of developing cotyledons incubated in the presence of B-chain glycosylated at either one or the other of the two glycosylation sites has lectin activity, although it displays tunicamycin (Bollini et al., 1985; D'Amico et al., 1992; Santino et al., 1992) . Furthermore, lack of glycans does some instability ( Wales et al., 1991) . In addition, introduction of a novel glycosylation site in a position which not affect the biological activities of these proteins (Bollini et al., 1985; Santino et al., 1992) . Expression in transgenic is close (in the folded protein) to one of the original sites, is sufficient to restore activity ( Zhan et al., 1997) . This is tobacco (Nicotiana tabacum) and canola (Brassica napus) plants of the L subunit of PHA, in which glycosylation in accordance with the view that exact positioning is often not critical for the role that glycans play in protein folding.
sites were destroyed by site-directed mutagenesis, confirmed the data obtained in the homologous system Evidence for tunicamycin-induced misfolding in plant cells comes from studies performed on developing seeds ( Voelker et al., 1989; Dao-Thi et al., 1996) . However, destruction of glycosylation sites reduced accumulation of lima bean (Phaseolus lunatus). These seeds contain high amounts of phaseolin (Sparvoli et al., 1996) and of of unglycosylated PHA-L and phaseolin in the seeds of transgenic tobacco plants ( Voelker et al., 1989 ; Bustos lectin-related proteins (ARL and AIL) (Sparvoli et al., 1998) , together with the less abundant lima bean lectin et al., 1991). In addition, in vitro experiments have shown that the lack of glycans does affect to some extent the (LBL) (Jordan and Goldstein, 1994) . When developing cotyledons are incubated in the presence of the inhibitor, properties of a-AI. The glycosylated protein is resistant to prolonged exposure to proteolytic enzymes (Lajolo the unglycosylated precursors of phaseolin, ARL, AIL, and LBL can easily be detected inside the ER in the form and Finardi Filho, 1985) , whereas the unglycosylated form is rapidly hydrolysed (Sparvoli et al., 1997). of mixed aggregates that fail to leave this compartment ( R Bollini et al., unpublished results). The formation of Therefore, although still active and transport competent, unglycosylated phaseolin, PHA and a-AI appear to be mixed aggregates strongly suggests that, in the absence of the oligosaccharide side-chains, one or more of these more prone to degradation than their glycosylated counterparts. proteins fail to fold correctly, possibly trapping other proteins during aggregation. Alternatively, although less Retention of a newly-synthesized protein in the ER, induced by tunicamycin treatment, has also been reported requirement for glycosylation is protein specific and in the absence of glycan chains some, but not others, can for concanavalin A, the mannose-binding lectin of jack bean (Canavalia ensiformis). This protein is transiently misfold or become more prone to aggregation. A common effect of the lack of oligosaccharide side-chains appears associated to the ER in the form of an inactive glycosylated precursor. When in the storage vacuoles, the to be an increased susceptibility to proteolytic degradation. Whether this reflects a change in the folding status precursor is deglycosylated and cleaved into smaller fragments, which then reanneal to yield the mature lectin or the unmasking of protease-sensitive sites that are directly protected by the bulky glycans in the glycosylated (Bowles et al., 1986) . Deglycosylation is the only processing event required to activate the lectin. When protein, is difficult to assess. It should also be stressed that removal of glycosylation sites can result in the glycosylation of pro-concanavalin A was prevented by tunicamycin treatment, most of the unglycosylated pregeneration of temperature-sensitive folding defects (Gibson et al., 1979; Roberts et al., 1993) . Therefore, cursor was retained in the ER ( Faye and Chrispeels, 1987) . Since correct folding is, in most cases, a pregiven the wide range of temperatures that can be experienced by plant cells, it cannot be excluded that some requisite for transport to the Golgi complex ( Vitale et al., 1993; Pedrazzini et al., 1997) , the retention of unglycosylglycans, while dispensable in normal conditions, might become important in preventing the aggregation of foldated pro-concanavalin A might be the consequence of the presence of folding defects. However, since the activity ing intermediates in cells subjected to heat stress. and the assembly status of the unglycosylated precursor in the ER of jack beans have not been reported, direct
Glycoprotein-specific molecular chaperones proof of misfolding is lacking and other mechanisms of retention cannot be excluded. Indeed, pro-concanavalin As mentioned, glycan chains can directly contribute to the successful in vivo folding of the nascent polypeptides A deglycosylated in vitro and the unglycosylated protein synthesized in E. coli have lectin activity (Min et al., by making them more soluble and less prone to aggregation. However, it is now clear that their role in folding 1992; Sheldon and Bowles, 1992), raising the possibility that binding to high-mannose chains of glycoproteins can also be mediated by molecular chaperones. Two ER-located lectins, calnexin and calreticulin, have been present in the ER could be the reason for the block of transport of the unglycosylated precursor.
found in association with a large number of glycoproteins in the ER of mammalian cells, and treatments that block Tunicamycin has a clear-cut effect also on the secretion of b-fructosidase from suspension-cultured carrot (Daucus this interaction often result in the misfolding and aggregation of the newly synthesized polypeptides ( Helenius carota) cells (Faye and Chrispeels, 1989) and of many major proteins from suspension-cultured cells of sycamore et al., 1997). Calnexin and calreticulin are highly homologous ER proteins, but while calnexin is a type I mem-(Acer pseudoplatanus) (Driouich et al., 1989) . When sycamore cells are incubated with tunicamycin, many of the brane protein (Bergeron et al., 1994) , calreticulin is a soluble resident ( Krause and Michalak, 1997). Both normally secreted proteins fail to accumulate in the culture medium. This effect has been proposed to be due mammalian calnexin and calreticulin are lectins that specifically interact with proteins bearing monoglucosylto degradation during intracellular transport. If this were the case, the unglycosylated proteins must have assumed ated glycan chains (Glc 1 Man 9 GlcNAc 2 ) ( Herbert et al., 1995; Peterson et al., 1995) , in a fashion which is indea state of folding sufficient for their transport outside of the ER. Although competent for intracellular transport, pendent of the folding status of the glycoprotein (Rodan et al., 1996; Zapun et al., 1997) . These glycans derive the lack of glycans must have greatly altered their stability, probably because of the exposure of protease-sensitive either from the trimming of the core oligosaccharide that is initially transferred to the nascent chain sites. Alternatively, the proteins might have failed to fold, and the presence of folding defects might have been (Glc 3 Man 9 GlcNAc 2 ) or from the reglucosylation of the fully deglucosylated glycan (Fig. 2) . recognized as a signal for degradation (Pedrazzini et al., 1997) .
Trimming of the Glc 3 Man 9 GlcNAc 2 oligosaccharide can begin co-translationally (Atkinson and Lee, 1984) , In animal cells, tunicamycin treatment or destruction of glycosylation sites often cause the misfolding and and is due to the sequential action of glucosidase I and glucosidase II ( Kornfeld and Kornfeld, 1985) . aggregation of the unglycosylated protein(s) (reviewed in Helenius, 1994) . These studies have shown that different Glucosidase I rapidly and efficiently removes the first a-1,2-linked glucose. Glucose removal continues by the proteins vary in their requirements for glycosylation, and that, when two or more glycans are present, some can be action of glucosidase II, which removes the next two a-1,3-linked glucoses to generate a Man 9 GlcNAc 2 strucfound to be more important than others (Roberts et al., 1993) . ture, with the transient formation of the monoglucosylated intermediate (Glc 1 Man 9 GlcNAc 2 ) which is the From the above-mentioned results it could be inferred that plant proteins conform to the general rule: the substrate for calnexin and calreticulin binding. Once fully is induced by conditions known to affect protein folding in the ER ( Fernández et al., 1996) . While interaction with calnexin and calreticulin can be important for the folding of certain proteins, the observation that mutant mammalian cell lines devoid of glucosidase I, glucosidase II or calnexin are viable clearly indicates that the contribution of these chaperones is not essential (reviewed in Helenius et al., 1997) . Interestingly, the expression of BiP, an ER-located chaperone belonging to the Hsp70 class of stress proteins is up-regulated in a glucosidase II-deficient cell line (Balow et al., 1995) .
While the role of calnexin, calreticulin and the deglucosylation-reglucosylation process in glycoprotein folding is well established in mammalian cells, the situation in Schizosaccharomyces pombe, the calnexin homologue Cnx1p is instead essential, but it is not clear whether the lethal phenotype is due to the absence of a molecular deglucosylated, N-linked chains can be reglucosylated with the addition of a single glucose residue, and the chaperone function (Jannatipour and Rokeach, 1995; Parlati et al., 1995) . consequent regeneration of the structure which is recognized by calnexin and calreticulin. This reaction is
The Saccharomyces cerevisiae homologue of the glucosyltransferase ( Kre5p) might be involved in the synthesis catalysed by a lumenal enzyme, UDP-Glc:glycoprotein glucosyltransferase ( Trombetta and Parodi, 1992 ; Parker of cell wall glucan structures (Meaden et al., 1990) , rather than in the folding of secretory proteins, but an enet al., 1995), and the resulting monoglucosylated chains can again be subjected to the action of glucosidase II.
zyme sharing several characteristics with the mammalian transferase is present in Schizosaccharomyces pombe The presence of this set of enzymes allows proteins to enter cycles of deglucosylation and reglucosylation, which ( Fernández et al., 1994 ( Fernández et al., , 1996 . In plants, all the components of the machinery that regulate binding to calnexin and calreticulin. A series of in vitro studies suggests that UDP-Glc:glycoprotein glucolinks glucose trimming and reglucosylation with the folding of glycoproteins seem to be present. The glucosidases syltransferase plays a central and crucial role in this cycle, by discriminating between folded and malfolded proteins responsible for the trimming of the glucose residues have been purified from mung bean seedlings (Szumilo et al., and selectively reglucosylating the malfolded ones ( Fig. 2) . When the substrate specificity of this enzyme 1986; Kaushal et al., 1990) and the synthesis of glucosidase II has been investigated in suspension-cultured was studied, denatured polypeptides were found to be much better substrates than native proteins, although the soybean cells ( Kaushal et al., 1993 ). An interesting property of mung bean glucosidase II is to be much more glycan chains were easily accessible to macromolecular probes also before denaturation (Sousa et al., 1992;  active on Glc 2 Man 9 GlcNAc 2 than on Glc 1 Man 9 GlcNAc 2 . This might contribute, together with the reglucosylation Trombetta and Parodi, 1992) . The enzyme seems to recognize protein domains exposed in the denatured, but process, to the maintenance of newly synthesized proteins in the monoglucosylated state. not in the native proteins (Sousa and Parodi, 1995) . Therefore, reglucosylation would tag the unfolded pro-A UDP-Glc:glycoprotein glucosyltransferase able to reglucosylate Man 9 GlcNAc 2 , Man 8 GlcNAc 2 and teins for recognition by ER chaperones, and increase their chances of successfully completing the folding Man 7 GlcNAc 2 has been evidenced in Phaseolus vulgaris cotyledons (Parodi et al., 1984) and two expressed process.
Consistent with these data, certain viral mutant proteins sequence tags from Arabidopsis thaliana and Oryza sativa present 65% and 68% identity with the Drosophyla enzyme are retained in the ER in a monoglucosylated form ( Rizzolo and Kornfeld, 1988; Suh et al., 1989) , and the (Parker et al., 1995) . Plant homologues of the two chaperones which in Schizosaccharomyces pombe homologue of the transferase mammalian cells interact with monoglucosylated glycoerones in the ER, a situation that has also been described in animal cells ( Tatu and Helenius, 1997) . proteins have also been identified. A cDNA encoding a Noticeably, in Arabidopsis thaliana seedlings, the accucalnexin homologue has been isolated from an Arabidopsis mulation of BiP mRNA was strongly enhanced by treatthaliana cDNA library (Huang et al., 1993) . The encoded ment with the glucosidase inhibitor castanospermine protein (CNX1p) shares 48% identity with dog calnexin, ( Koizumi, 1996) . This effect is reminiscent of the increase and, like the dog protein, is a membrane spanning protein in BiP levels that has been reported for a glucosidasewith type I topology. Western blot analysis with antideficient mammalian cell line (Balow et al., 1995) , and CNX1p antibodies revealed the presence of a related strongly suggests that glucose trimming is implicated in protein in green leaves, green stems and etiolated leaves the folding of glycoproteins in the plant ER. of pea plants. Sequences encoding calnexin homologues
Further evidence for the presence in plant cells of a have also been cloned from maize ( Kwiatkowski et al., chaperone function which is dependent on glucose trim-1995) and soybean ( EMBL accession number U20502).
ming comes from studies on the assembly of the trimeric Calnexin expression is enhanced in the endosperm of bean storage protein phaseolin. The folding and assembly three maize mutants which are characterized by an altered of this glycoprotein also occur efficiently when glycosyldeposition of zeins, the major storage proteins in the ation is inhibited by the elimination of the two glycosylkernels of this plant (Boston et al., 1996) . One of these ation sites or by tunicamycin treatment ( Vitale et al., mutants accumulates in the ER an abnormal zein polypep-1995; Lupattelli et al., 1997) . However, the rate of assemtide (Gillikin et al., 1997) and in all the three mutants bly of phaseolin is dependent on the number of glycan the synthesis of other proteins involved in protein folding chains: polypeptides bearing two glycans assemble at a and assembly in the ER is up-regulated. This would argue slower rate than singly glycosylated ones ( Vitale et al., in favour of a role of calnexin in protein folding in the 1995). This difference in assembly rate is greatly reduced plant ER.
when the trimming of glucose residues is blocked with Plant homologue(s) of mammalian calreticulin have the use of glucosidase inhibitors, indicating that glucose been identified in several plant species (Menegazzi et al., trimming has a role in the regulation of phaseolin assem-1993; Chen et al., 1994; Denecke et al., 1995; Hassan bly (Lupattelli et al., 1997) . The crucial step in the et Napier et al., 1995; Dresselhaus et al., 1996;  pathway leading to phaseolin trimer formation seems to Coughlan et al., 1997; Nelson et al., 1997) and both the be the complete deglucosylation of partially trimmed mammalian and plant proteins appear to play a major chains. However, the efficient trimerization of this protein role in the storage of intracellular calcium (Menegazzi both Napier et al., 1995) , an ER retention signal essential for successful folding and assembly. It is possible is present at the C-terminus of calreticulin from various that in plant cells a chaperone activity that requires species and an oligomannose glycan is present on the trimming of glucose residues integrates the action of other spinach protein (Navazio et al., 1996) . chaperones, but is not essential for the folding of many Various treatments that can potentially affect protein glycoproteins. Indeed, inhibition of glucose trimming did folding in the ER have been tested in order to study their not affect the secretion of many proteins from suspensioneffect on calreticulin expression. The level of calreticulin cultured cells of sycamore (Driouich et al., 1989 ; Lerouge transcripts in tobacco leaves was strongly enhanced by et al., 1996), heat shock, while DTT and tunicamycin were ineffective (Denecke et al., 1995) . Similarly, DTT (which should
Concluding remarks
cause unfolding of proteins in the ER) was unable to up-regulate calreticulin levels in maize cells suspensions,
In conclusion, after long debate about the direct, indirect while in the same conditions BiP levels were clearly or null effects of the glycan side-chain in glycoprotein enhanced (Napier et al., 1995) .
folding and structure, a widely accepted view is that It still remains to be determined whether plant calnexin N-glycosylation directly affects local and/or global conand calreticulin present the same specificity for monogluformational dynamics of the nascent polypeptide by cosylated glycans which is characteristic of the mammaimposing structural constraints and interactions (with lian proteins. Calreticulin has been found in association both solvent and/or molecular chaperones) that limit the with a set of proteins in tobacco cells (J Denecke, 1995) , number of folding pathways and prevent aggregation of but at least some of these interactions do not reflect a folding intermediates. This may or may not directly affect molecular chaperon function (Denecke et al., personal the final protein structure, but it can increase both rate communication). Rather, these supermolecular complexes and yield of protein maturation processes. Therefore, in many proteins, the saccharide side-chain(s) work in conmight be part of an extended network of resident chap- 
